In this paper, an operator-based nonlinear control system for a polymer electrolyte fuel cell (PEFC) reformer is proposed. Firstly, structure of the reformer is introduced and modelled. Secondly, an operator-based nonlinear control system for the reformer is designed by using the model. Here, uncertainties which are assumed ΔP are considered. And the desired performance of temperature tracking is discussed. Finally, robust stability analysis and the effectiveness of the proposed control system are confirmed by simulations.
Introduction
A great deal of effort has been expended for developing fuel cell technology due to scarcity of the global energy source. Recently, much of attention has been paid to fuel cell dynamics and control. In this paper, reformer temperature control of a polymer electrolyte fuel cell (PEFC) power generation system is concerned, and the controller based on an operator-based nonlinear feedback control theory is designed.
Fuel cell technology is a new energy-saving technology to generate electrical power. For example, the PEFC power generation system is now being developed as one of the future power generation systems for home and business use in a small scale. The systems are expected to save natural resource and CO 2 emission reduction recently. Fuel cell can generate clean energy because it generates the power at the progress of water generation by a chemical reaction between hydrogen and oxygen. However, in general, hydrogen is difficult to store and distribute. Moreover, consecutive supply of hydrogen is necessary to continue power generation. Therefore, these problems are solved by a catalytic reactor called a reformer that reforms hydrocarbon fuel to obtain reformed gas including in rich hydrogen. Here, it is necessary to keep composition of the reformed gas stably for continuous and stable power generation for a long period. For that reason, the catalytic temperature of the reformer must be kept stably.
In previous studies, the reformer was controlled as a linear model in the frequency domain (Ishibashi et al., 2008) . But this method has problems not knowing the state in the plant. And the reformer was controlled as a nonlinear model in the time domain (Masuda and Deng, 2013) . However, the paper has problems not to consider uncertainties included in the plant. In this paper, uncertainties for the plant are considered and an operator-based robust nonlinear feedback control system using robust right coprime factorisation approach including a tracking controller is proposed (Deng et al., 2006 (Deng et al., , 2011 Deng and Bu, 2012; Chen and Han, 1998; de Figueiredo and Chen, 1993; Deng, 2014) . Namely, the system in consideration of uncertainties included in the plant is performed two stages of control which the control object is stabilised firstly, and then the tracking controller is designed by the operator-based robust nonlinear feedback control theory. The effectiveness of the system is confirmed by simulation.
The outline of this paper is organised as follows. In Section 2, the struction and the model of the reformer are introduced. The proposed system of robust temperature control is discussed in Section 3. In Section 4, simulation results are shown. And the effectiveness of the system is confirmed. In Section 5, conclusions of this paper are drawn.
The reformer

Structure of the reformer
A structure of the reformer is shown in Figure 1 
Modelling
For the modelling of the reformer, the heat balance of the catalyst bed is considered. According to the definition of dynamics, dynamics of the reformer is described following equation (3) (Fukano et al., 2006) . And, dynamics of the quantity of heat transfer to the catalyst bed is shown as equation (4). The definitions of the parameters are shown in Table 1 . 
where T 1 , K and K 1 are shown as
Equation (4) which is an inhomogeneous differential equation is defined homogeneous differential equation. Thus, the general solution of equation (10) is shown as
where C′′ and C′ are integration constants. Here, based on the general solution of homogeneous equation (13), the solution of the inhomogeneous equation (6) is used to find by the method called variation of parameters. From equation (13),
Equation (16) is differentiated by time
Because equation (15) is a solution of equation (10), it is shown as 11 11
Substitute equations (17) and (18) into equation (6) 1 0 11
Equation (20) is integrated, and substitute equation (21) 
where C * is an integration constant. And substitute equation (22) into equation (7) 1 1 1
3 Nonlinear control system design using robust right coprime factorisation
Robust right coprime factorisation of nonlinear operator
If there exist two stable operators N: W → Y and D -1
: U → W exists, a plant operator P is shown as
And, if there exist two stable operators S: Y → U and R: U → U which, satisfying Bezout identity shown in equation (25) exists, P = ND -1 is called right coprime factorisation of P. Then the system is shown in Figure 2 .
Then, the stability of the system is guaranteed. However, uncertainties such as a heat of chemical reactions and others are not included a model in real plant P. These uncertainties are assumed ΔP. Then the system is shown in Figure 3 . Here, ΔP are unknown, and are supposed to be bounded. Right coprime factorisation of the real plant P + ΔP including additive uncertainties is shown as
If the right coprime factorisation of the real plant P + ΔP satisfies Bezout identity in equation (27) and robust stability condition shown in equation (28), then the nonlinear feedback system including uncertainties in Figure 3 is stable,
Where equation (28) is Lipschitz operator norm (Wen et al., 2012) . 
Operator-based control system for the reformer
In this session, the operator-based nonlinear feedback control system is designed. The plant operator P is shown as
For the reformer, the right factorisations N and D -1 are shown as
S(y)(t) and R(u)(t) are designed to satisfy the Bezout identity by two stable operators N: W → Y and D
where K a is a designed constant. From equations (25), (30), (31), (32) and (33),
Then, the stability of the system is guaranteed by these controllers. Here, the plant operator P + ΔP when uncertainties are considered is shown as 
Next, the system such as Figure 4 is designed to make the output y follow the reference input r 0 . Then, a tracking controller C is designed as follows:
where K I and K P are design parameters. 
Proof of the stability performance
Here, the stability of this system is confirmed. The control system satisfying the Bezout identity is shown in Figure 5 . 
When the input of equation (40) is bounded, the output is bounded. Then the system becomes BIBO stability. Therefore, the stability of this system is guaranteed.
Proof of the tracking performance
Next, the tracking of the system is confirmed. The control system satisfying the Bezout identity can be shown 
From equation (41) and equation (42), 
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From equation (36),
Where it is supposed that the second term on the right side of equation (44) 
Where it is supposed that (45) becomes stable, the second part on the right side of equation (44) 
I T t K K dτ
∫ of equation (45) gives bigger effect in
That is, the tracking performance of the system is confirmed.
Simulation
Using designed controllers (32), (33), and (38), the system is simulated by Simulink. A condition is shown in (47),
.
and, the design parameters used in simulation are shown in Table 2 . 
Simulation for the nominal plant
First, simulation of the nominal plant using the designed controller is shown. The parameters used for simulation are shown in Table 3 and simulation results are shown in Figure 7 and Figure 8 . Figure 7 shows the input flow and Figure 8 shows the output temperature. From Figure 8 , there is a little overshot in the system. However, the system follows a target temperature. Thus, the effectiveness of the designed controller for the nominal plant is shown.
Simulation for the plant including uncertainties
Next, the plant including uncertainties is simulated. Uncertainties are drops of the outside temperature, e.g., Where, Δ is setted drops of the outside temperature, Δ is shown as equation (49) and (50) 0.055 0.05, 50.
The parameters used for simulations are shown in Table 4 . The results of simulation (a) are shown in Figure 9 and Figure 10 and the results of simulation (b) are shown in Figure 11 and Figure 12 . Figure 9 and Figure 11 show the input flow. Moreover, Figure 10 and Figure 12 show the output temperature of simulation (a) and simulation (b), respectively. From simulation (a), input flow fluctuates (Figure 9 ). However, the system follows a target temperature by parameters same as the nominal plant ( Figure 10 ). And from simulation (b), there is a small overshot in the system (Figure 12 ). However, input flow fluctuates to uncertainties (Figure 11 ) and the system follows a target temperature by parameters same as the nominal plant ( Figure 12 ). And Figure 13 and Figure 14 using the condition of equation (28) are shown results of robust stability analysis. These results show that the robust stability of proposed system is guaranteed. Thus, the effectiveness of proposed system is confirmed.
Conclusions
This paper has presented a description of the reformer. Modelling of the reformer and an operator-based robust nonlinear feedback control system by using robust right coprime factorisation approach including a tracking controller is proposed. In other words, the system is performed two stages of control which the controlled object is stabilised firstly, and then the tracking controller is designed by the operator-based robust nonlinear feedback control theory. The effectiveness of the system is confirmed by simulations and the system guarantees the robust stability and the effectiveness of designed controllers is shown.
